Abstract Single-molecule fluorescence microscopy experiments on RNA molecules brought to light the highly complex dynamics of key biological processes, including RNA folding, catalysis of ribozymes, ligand sensing of riboswitches and aptamers, and protein synthesis in the ribosome. By using highly advanced biophysical spectroscopy techniques in combination with sophisticated biochemical synthesis approaches, molecular dynamics of individual RNA molecules can be observed in real time and under physiological conditions in unprecedented detail that cannot be achieved with bulk experiments. Here, we review recent advances in RNA folding and functional studies of RNA and RNA-protein complexes addressed by using single-molecule Förster (fluorescence) resonance energy transfer (smFRET) technique.
Introduction
Ribonucleic acid (RNA) is a key biopolymer on which all life forms on Earth are based. Remarkably, precursors of modern life have been envisioned that existed without proteins and deoxyribonucleic acid (DNA), relying almost exclusively on the unique properties of RNA. In addition to encoding information, RNA molecules can perform complex biological functions, based on their ability to assume sophisticated three-dimensional architectures that may form ligand binding pockets and catalytic sites. RNA's paucity of sequence information, encoded by only four different building blocks, gives rise to the RNA folding problem: A given RNA sequence can typically assume a multitude of states of similar thermodynamic stability, which are stabilized by strong π-stacking and Watson-Crick basepairing interactions. These states are separated by large energy barriers, so that RNA molecules possess a highly rugged free energy landscape (Thirumalai and Hyeon 2005) . As a result, metastable structures and folding intermediates are often fairly long-lived and, in particular, large RNAs frequently show kinetic folding traps and misfolding. RNA's conformational rearrangements are often large and thus ideal for observation with single molecule techniques, and typical interconversion times in the millisecond to second range are particularly well suited for single molecule Förster (fluorescence) resonance energy transfer (smFRET) methods. Another beneficial property of RNA is its predictability with respect to solubility and surface adhesion, which allows the development of generic procedures of immobilizing individual RNA molecules. Its largely invariant chemical properties greatly facilitate chemical manipulation of RNA, e.g., site-directed labeling with two fluorophores or attachment of biotin. Consequently, we have witnessed an explosion of the field in the past few years, which we will try to outline here. Much of this work has already been summarized in a number of excellent reviews on single-molecule studies of RNA (Al-Hashimi and Walter 2008; Blanchard 2009; Bokinsky and Zhuang 2005; Ditzler et al. 2007; Marshall et al. 2008a; Munro et al. 2008; Zhuang 2005; Zhuang and Rief 2003) . Here, we focus on smFRET studies of plain RNA and RNA-protein complexes, also touching on the exciting field of polymerases at the end. Results of other biophysical techniques with single-molecule sensitivity will not be reviewed in depth but just briefly referred to in conjunction with smFRET results.
Hierarchy of RNA folding
RNA folding is strongly dependent on the concentration of cations in the surrounding solvent, in particular magnesium ions (Brion and Westhof 1997) . Because the backbone phosphates carry one negative charge per nucleotide, the resulting strong electrostatic repulsion does not permit folding at low concentrations of shielding cations. Thus, RNA is essentially unfolded in pure water, in the U state. Starting in this state, a progressive increase of salt concentration leads to an increased shielding of the RNA charges by the cations in solution. First, structural elements form, thus "collapsing" the previously random coil polymer. The resulting "collapsed" state contains essentially elements of the secondary structure, i.e., mostly WatsonCrick helices. Magnesium ions play an import role: because of their high charge-to-volume ratio, they provide much more effective shielding and, therefore, induce polymer collapse at significantly lower concentrations than do monovalent cations. Very frequently, more than one collapsed state is found; such I states may be considered early intermediates in the progression towards a native state. As the salt concentration is further increased, formation of structure also includes tertiary interactions. Here, the role of magnesium ions is even more important, because the tertiary structure often contains specific binding pockets, to which monovalent ions do not have sufficient affinity. Thus, monovalent ions can collapse RNA and enable formation of the secondary structure, but magnesium ions are essential for the formation of a spatially welldefined, native N state. Physiological concentrations of magnesium ions range around 1 mM, but many in vitro studies of RNA folding and activity are performed at higher concentrations for a variety of reasons, including (1) compensation for the stabilization of native RNA structure by proteins or other factors in the cell , (2) accessibility of kinetic or thermodynamic parameters from titration with magnesium ions , (3) investigation of minimal constructs that retain activity only at higher concentrations (Zhuang et al. 2002), or (4) investigations of entirely artificial RNAs, for which the term 'physiological' is not relevant .
Titration with counterions, as outlined above, clearly reveals a pronounced hierarchy of RNA folding, with relatively stable secondary structures forming as autonomous units before tertiary contacts are being established. This experimental approach is thermodynamic rather than kinetic, preferably sampling states near the minimum of the free energy landscape. Kinetic data on folding/unfolding or ligand binding are, however, accessible from singlemolecule studies even under equilibrium conditions, without the requirement of synchronization to any perturbing event.
In order to obtain statistically significant information, large ensembles of molecules need to be investigated. However, even registration of several thousand events may not be sufficient to identify rarely populated intermediate states. One way to enhance such hidden states is to perform experiments under non-equilibrium conditions. Relaxation methods employing rapid jumps in ion concentration have provided access to folding intermediates further away from the known energy minima and to particular aspects of molecular memory Qu et al. 2008) . Microfluidic devices provide very convenient ways to create controllable perturbations to the systems under investigation (Dittrich et al. 2004; Kauffmann et al. 2001; Lipman et al. 2003; Pfeil et al. 2009 ).
Techniques and technical developments in smFRET
Dye labeling and photophysics Radiationless Förster resonance energy transfer from an excited donor fluorophore to an acceptor fluorophore depends on the inverse sixth power of the inter-dye distance. Because fluorescence emission can be detected with excellent time resolution, smFRET is an attractive method for the observation of distance variations between two dye-labeled domains of a given RNA, or RNA-protein complex (Bokinsky and Zhuang 2005; Hengesbach et al. 2008) . In principle, measurement of the donor fluorescence alone contains sufficient information (e.g., fluorescence decay rates) to detect donor-acceptor distance changes. Indeed, certain applications have used a quencher instead of a fluorescent acceptor dye. In single-molecule experiments, however, monitoring the fluorescence of both dyes of a FRET pair is usually preferred because it allows one to unambiguously assign anticorrelated intensity changes to FRET efficiency, E FRET, variations and to calculate this quantity ratiometrically,
from the fluorescence intensities registered from the acceptor, I A , and the donor, I D . Both intensities have to be corrected for background and cross-talk between the two detection channels, and the parameter γ accounts for differences in the detection efficiencies of the two channels and the quantum yields of the dyes. While it is often assumed that the inter-dye distance is the major parameter determining E FRET , other effects, including dye photochemistry and photophysics (blinking), changes in the refractive index or variations of the dyes' orientations and rotational freedom may also affect the dipolar coupling of the two dye molecules and, therefore, the resulting E FRET values. Interactions of the dyes with the host biomolecule may prevent the complete averaging of the dipole orientation during the fluorescence lifetime Kuzmenkina et al. 2006; Schuler et al. 2005) . A change in FRET efficiency due to dye stacking on dsRNA/DNA was also noticed (Iqbal et al. 2008a, b) . Multi-parameter smFRET measurements, which not only register emission intensity but also fluorescence polarization/anisotropy and decay times, have been introduced to enable more reliable distance measurements based on FRET coupling Wozniak et al. 2005) . Still, observations of dynamic events by changes in FRET coupling are generally preferred in the field; measurements of absolute distances are typically approached with great caution. Dye-labeled RNA should be thoroughly validated to exclude artifacts as a consequence of the presence of the dyes. Besides anisotropy measurements that measure interactions between the dye and the host molecule, functional tests must assure that the pertinent biochemical function of the biomacromolecule is not perturbed by the dyes (Walter 2003) . If the molecule is no longer functional after labeling, the dyes must be "walked" to a different attachment site, and the functional test reiterated. Dye attachment on proteins is frequently achieved by alkylating accessible cysteine residues with iodoacetyl-derivatives of fluorescent dyes. For RNA, dyes can be positioned at the 5'-end during transcription (Xie et al. 2004 ). Postsynthetic modification schemes of both the 5'-end and the 3'-end of RNA (Chan et al. 1999) are known but rarely applied in smFRET studies. Ligation techniques permit the incorporation of RNAs with 5'-or 3'-labels, or functional groups for labeling introduced during solid phase phosphoramidite synthesis (Bokinsky et al. 2003; de Silva and Walter 2009; Ha et al. 1999; Hengesbach et al. 2008; Zhuang et al. 2002) . In numerous cases, dyes have been introduced into large RNAs through hybridization to DNA or RNA oligos carrying the actual dye label (Dorywalska et al. 2005; Smith et al. 2008 ). This approach is convenient and straightforward especially in large RNAs, where entire domains can be engineered without significant loss of biochemical activity. For smaller RNAs, structural engineering in combination with end labeling is more likely to be inadequate (Voigts-Hoffmann et al. 2007 ). Here, internal modifications can be postsynthetically introduced into synthetic RNA oligos equipped with amino or thiol groups (de Silva and Walter 2009) . These fragments may then be joined by ligation Walter 2003) .
Despite impressive advances in the development of bright and stable fluorophores for single-molecule measurements (Kapanidis and Weiss 2002) , the dyes are still the Achilles' heel of single-molecule FRET experiments. First of all, dye photobleaching limits the observation time, and thus is a major problem in fluorescence experiments. In addition, phenomena such as quenching, blinking, emission spectral jumps, or anisotropy changes can easily lead to erroneous results. While typical first generation smFRET dyes like fluorescein and TMR have mostly yielded to the Cy3-Cy5 pair, these widely used carbocyanine dyes exhibit extensive blinking due to cis-trans isomerization and triplet formation (Bates et al. 2005; Heilemann et al. 2005) . However, the use of oxygen scavenging systems in combination with triplet quenchers can enormously improve dye performance and substantially lengthen the observation times (Vogelsang et al. 2008) . A better understanding of the underlying dye photophysics in recent years (Aitken et al. 2008; Eggeling et al. 2006; Rasnik et al. 2006; Widengren et al. 2007 ) has helped in the rational development of fluorophores with higher photostability. Transient interaction of fluorophores with the local environment may also cause transitions to non-emissive states or states having a shifted emission spectrum. The latter case can be especially troublesome because part of the emission can bleed through to another detection channel, and such transient changes of the donor-acceptor intensity ratio can be mistaken as FRET efficiency changes due to inter-dye distance variations (W.A. Eaton, personal communication).
Microscopy apparatus
Over the last decade, single-molecule fluorescence techniques have been substantially advanced and adapted to probe individual molecules under various conditions. Although commercial systems have become available from different manufacturers, it is quite straightforward to assemble a home-built microscope with single-molecule sensitivity from off-the-shelf components (Rieger et al. 2005; Roy et al. 2008; Walter et al. 2008) . Advanced single-molecule microscopy setups feature alternating excitation with several laser lines and multi-channel detection in three or more channels ( Fig. 1) (Hohng et al. 2004a; Kapanidis et al. 2005; Lee et al. 2007a; Muller et al. 2005) . Moreover, instead of monitoring only the fluorescence intensity, the simultaneous measurement of anisotropy, lifetime and emission spectrum in real time allows one to get unprecedented control of the photophysical properties of the probes under investigation Widengren et al. 2006) .
The two main approaches to single-molecule fluorescence detection are confocal microscopy and widefield microscopy using the total internal reflection effect (Haustein and Schwille 2007; Moerner and Fromm 2003; Tinnefeld and Sauer 2005) . In both cases, sensitivity on the single-molecule level is achieved by minimizing the excitation and detection volumes, either by introducing a confocal pinhole in the detection path (in confocal microscopy, Fig. 1b) or by exciting molecules in a~100-nm layer close to a surface by using an evanescent field (total internal reflection fluorescence microscopy, TIRF; Fig. 1c and 1e ). Both methods are complementary, and the choice of one over the other is in general governed by the time scale of the processes under investigation. In high-sensitivity confocal microscopy, avalanche photodiode detectors are employed, offering a time resolution better than microseconds. However, images have to be acquired in a time-consuming pixelby-pixel manner. TIRF microscopy relies on high-sensitivity, charge-coupled device (CCD) cameras, which permit collection of entire images containing many molecules the fluorescence of which can be recorded in parallel. However, the time resolution is limited by the frame rate of the CCD Fig. 1 Experimental configurations of single-molecule fluorescence microscopy. a Lasers serve as excitation sources for fluorescent labels. Typical excitation lines are 488/492 nm for fluorescein, Cy2 and Alexa 488, 514/532 nm for TMR and Cy3, and 633/635 nm for Cy5. Acousto-optical tunable filter (AOTF) or electro-optical modulator (EOM) allow for fast switching between different laser lines in alternating excitation (ALEX) experiments. b Stage scanning confocal fluorescence microscopy. An excitation dichroic mirror reflects the excitation light into the sample and transmits the emitted fluorescence to the detectors. A pinhole in the focal plane of the tube lens reduces the detection volume to~1 fl. Detection dichroics separate the emission among several, highly sensitive avalanche photo diode (APD) detectors. Images are acquired by a consecutive shift of the sample in a pixel-by-pixel manner by using a piezoelectric stage. c Prism-type total internal reflection fluorescence microscope (TIRFM). Focused excitation light reflected at the quartz-water interface at a large incident angle (Θ c >68°) produces an evanescent field penetrating~100 nm in the aqeueous solution. For two-channel detection, donor and acceptor emission is separated by detection dichroic mirrors and imaged side-by-side on a CCD chip. d Confocal microscopy on molecules diffusing freely in solution. Single-molecule conditions are obtained by diluting the sample to concentrations of<1 nM. e TIRFM experiments with molecules immobilized on a surface via biotinstreptavidin coupling. A layer of bovine serum albumin sparsely decorated with biotin serves to anchor streptavidin and, thereon, biotinylated RNA molecules camera to typically 5-100 ms. In TIRF microscopy, molecules have to be immobilized on a surface, whereas experiments may be performed either on immobilized or freely diffusing molecules in confocal microscopy. In the latter case, the maximum time of signal detection from each individual molecule is governed by their diffusional transit through the confocal volume (typically 100-1000µs) (Fig. 1d) , whereas in the case of immobilized molecules, the time of observation is only limited by the unavoidable photobleaching of the dye, which may permit measurements over many minutes (Vogelsang et al. 2008 ).
Surface immobilization
Immobilization procedure ought to be carried out with special care. While specific attachment is easily achieved with a variety of straightforward approaches, including the widely used biotin-(strept)avidin coupling ( Fig. 1e ), unspecific adsorption to the surface has to be strictly minimized to at most a few percent. Also, the interaction of the immobilized biomolecule with the underlying surface needs to be as low as possible. Otherwise, static heterogeneity of the observed properties due to the environment may result and, moreover, intramolecular dynamics may also be strongly affected by such interactions. A number of protein and polymer surface coatings as well as vesicle encapsulation have been examined with respect to their homogeneity and interaction with tethered or caged biomolecules Groll et al. 2004, Christensen and Stamou 2007; Heyes et al. 2004 Heyes et al. , 2007 Koopmans et al. 2008; Okumus et al. 2004; Rasnik et al. 2005) . While many such surfaces affect protein folding and unfolding to a large extent, RNA/DNA molecules seem to be less sensitive to interactions with protein coatings such as BSA and streptavidin, which could be due to the repulsion between negatively charged nucleic acids and proteins at neutral pH (Ha et al. 1999; Kobitski et al. 2007; Tan et al. 2003; Xie et al. 2004; Zhuang et al. 2000 Zhuang et al. , 2002 . Modified PEG surfaces have also been employed for the immobilization of nucleic acids (Elenko et al. 2009; Qu et al. 2008; Rasnik et al. 2004) , and it has further been suggested that lipid vesicles offer a native-like environment for biomolecules (Boukobza et al. 2001; Lee et al. 2005; Okumus et al. 2004; Rhoades et al. 2003) . Unfortunately, the lipid membrane acts as a barrier for solvent, so that in situ solvent exchange becomes impossible, and the lipid bilayer may also become unstable under harsh solvent conditions. Recently, an approach was developed that introduces pores into vesicles, which affords biomolecule immobilization in a most gentle way and, in addition, allows one to increase the effective concentration of molecules with low binding affinity and to trigger the reaction between them via a change of external buffer conditions (Cisse et al. 2007 ). Figure 2 gives an overview of RNA molecules investigated by smFRET. Among the first RNAs to be investigated by smFRET was a three-way junction derived from ribosomal RNA (rRNA) (Ha et al. 1999) . This junction, which also provides a binding site for the ribosomal S15 protein, was assembled by hybridization of three separate RNA oligomers carrying fluorescein, Cy3, or biotin for anchoring on the surface (Fig. 2) . This work introduced many smFRET features that are now standard in this field. It confirmed the expectation that the average behavior of many individual RNA molecules should closely resemble bulk behavior. Two conformations, denoted as open and Fig. 2 Overview of RNA structures investigated by smFRET. The schematic secondary structures are shown; labeling sites with donor dye (green) and acceptor dye (red) are indicated as dots of the respective color. Green-red arrows indicate the distances monitored by smFRET closed according to the arrangement of the arms of its Y-shape, were identified, and their interconversion was observed in response to their interaction with Mg 2+ ions or the cognate S15 protein. Thus, it was not only the first demonstration of a structural rearrangement in RNA by smFRET but also pioneering work regarding RNA−protein interactions. This model system was further investigated by an application of fluorescence correlation spectroscopy to immobilized biomolecules, from which the transition rates of the conformational changes were measured as functions of Mg 2+ and Na + ion concentrations . Along structurally similar lines, the kink-turn motif (labeled with Alexa488 and Cy5; Fig. 2 ) was recently studied on the confocal microscope in solution in the context of a two-stem motif derived from U4 snRNA, a constituent of the major spliceosome (Wozniak et al. 2005) . It was observed that the kink-turn depends on the presence of two subsequent purine-purine basepairs followed by a three-nucleotide bulge, and offers a binding site for the 15.5 K protein. Binding of the protein was found to increase bending of the two stems: the interhelical angle was decreased from 78°in the absence to 48°in the presence of protein.
FRET studies of RNA molecules

Dynamics of small natural RNAs
Minimal constructs
tRNA Among the first RNAs to be investigated by single molecule fluorescence was tRNA
Phe from E. coli carrying a single TMR label. By measurement of fluorescence decay times of immobilized molecules, at least two conformational states were identified (Jia et al. 1997) . A more detailed analysis of several alternative conformations was performed on human mitochondrial tRNA Lys , which was labeled intramolecularly (Fig. 2) using the Cy3/Cy5 FRET pair and biotin at the 3'-end (Voigts-Hoffmann et al. 2007 ). Three conformations were distinguished in this unusual tRNA based on the observed FRET levels, corresponding to an unfolded state, an extended hairpin conformation, and the classical cloverleaf. Interestingly, equilibria between these states could be shifted by introducing a single methyl group in a modified nucleotide and by varying the concentration of magnesium ions. The latter approach enabled a detailed picture of the energy landscape to be obtained . As observed before with metal ions and small molecule ligands, a natural covalent modification was thus identified as another entity capable of shifting the conformational equilibrium towards the functional structure.
Folding and catalysis of natural ribozymes
The insight that RNA holds the potential for catalysis has greatly changed our outlook on the central dogma of life and even on the entire process of evolution. Despite many open questions, the idea of a prebiotic RNA world, in which RNA acts as a catalyst as well as an information storage device, offers an attractive hypothesis to explain the origins of life without DNA and proteins (Gesteland and Atkins 1993) . In vitro selection experiments have identified a variety of reactions catalyzed by RNA (Gold et al. 1995; Wilson and Szostak 1999) , but RNA hydrolysis is still dominating both artificial and natural ribozymes. Although ultimate proof may remain elusive, comparison with protein RNases suggests that RNAs must build larger structures that are still catalytically less efficient than protein enzymes. Such lower activity may, in part, be due to alternative structures and folding traps, the numbers of which increase with the size of the RNA. Clearly, the most fascinating and complex folding trajectories have been observed by smFRET of large catalytic RNAs.
Hairpin ribozyme
The hairpin ribozyme is one of the most intensely studied RNA molecules (Bokinsky et al. 2003; Ditzler et al. 2008; Hohng et al. 2004b; Liu et al. 2007; Nahas et al. 2004; Rueda et al. 2004; Tan et al. 2003; Zhuang et al. 2002) . Three forms have been explored, a construct retaining a four-way junction (4WJ) from the natural ribozyme, a structurally reduced three-way junction construct (Pljevaljcic et al. 2004) , and finally a minimalist construct with a twoway junction (2WJ; Fig. 2 ). The latter construct, which had already been investigated by smFRET early on , has since served as a minimalist paradigm for studying RNA folding and function, especially by using smFRET. Altogether six states, at least three distinct folding pathways, and a multitude of rate coefficients have been determined (Bokinsky et al. 2003; Ditzler et al. 2008; Rueda et al. 2004; Zhuang , 2005 . In a first step, the substrate strand binds to the ribozyme main body by hybridization, and then undergoes a pivotal "docking" step, during which two internal loops on adjacent arms associate in a strongly Mg 2+ -ion-dependent manner to form the catalytic pocket. From this state, catalytic cleavage produces another docked state, still binding the hybridized product. These two docked states are in equilibrium, as ligation activity has also been observed. Before product release, the catalytic pocket has to be dissolved in an undocking step. Many of the more multistep folding pathways have been identified in the 2WJ construct by Mg 2+ -ion pulse-chase experiments, in analogy to the nonequilibrium Mg 2+ -ion relaxation experiments of Qu et al. (2008) termed singlemolecule kinetic fingerprinting. Evidence for a pronounced ruggedness of the free energy landscape of the 2WJ hairpin has recently been presented (Ditzler et al. 2008) . Different stable folding intermediates have been preparatively isolated based on their differential migration behavior in nondenaturing gel electrophoresis. Analysis of these isolates by smFRET then showed that they had retained certain kinetic folding characteristics throughout the isolation procedure. The authors report the retention of molecular heterogeneity even after exposure to very harsh denaturing conditions commonly believed to dissolve all features of secondary and tertiary structure (Ditzler et al. 2008) . The 2WJ construct is catalytically active, but overall cleavage is slow due to several cycles of internal cleavage and the reverse reaction, i.e., ligation, before product release. For an activity comparable to the natural 4WJ construct, 2WJ requires a two to three orders of magnitude higher concentration of magnesium ions. The natural ribozyme strongly relies on the fourway junction to facilitate formation of the active site from its other structural elements (Hohng et al. 2004b; Tan et al. 2003) . Investigation of the natural form by smFRET revealed fluctuations among three distinct states before cleavage: the folded state and two additional, rapidly interconverting states that strongly depended on the junction, and at least one of which is missing in the 2WJ construct (Tan et al. 2003) . Further investigations brought a breakthrough in ribozyme research, as they succeeded in assignment of the relevant intermediates to E FRET states and real-time observation of cleavage and ligation (Nahas et al. 2004 ). The kinetic data suggest that, in vivo, the RNA may also undergo several cycles of internal cleavage and ligation, but the ultimate release of the cleaved product is greatly enhanced compared to the 2WJ construct. It was further suggested that the active site is stably formed by docking of two internal loops, but substrate cleavage accelerates undocking by two orders of magnitude, thus favoring the subsequent substrate release step (Nahas et al. 2004 ). This discrepancy between the twoway and four-way ribozymes has been interpreted as an allosteric effect of the junction on the docked structure of the loop domains (Zhuang 2005) .
Tetrahymena ribozyme
Discovery of the catalytic properties of the Tetrahymena ribozyme (Kruger et al. 1982) , a group I self-splicing intron, has resulted in the Nobel price being awarded to Tom Cech. Consequently, a vast amount of biochemical (Cech 1995) and structural data (Cate et al. 1996; Guo et al. 2004 ) have made this complex structure a paradigm of RNA folding, its importance even surpassing that of the hairpin ribozyme. Early investigations had already identified several folding pathways and intermediates (Silverman et al. 2000) , before the first groundbreaking smFRET investigations took place on the full length RNA (Fig. 2) . These studies identified kinetic traps in two previously known slow and one newly identified fast pathways, with folding rate coefficients of 1 s, 1 min, and 0.01 h, respectively (Zhuang et al. 2000) . In an extension of this work, folding was investigated starting from several distinct "collapsed" states. Remarkably, these states could be selectively populated by controlled variation of the Na + ion concentration in the absence of divalent cations. Formation of tertiary structure was then initiated selectively by addition of magnesium ions (Russell et al. 2002) . Bartley et al. (2003) have used smFRET to apply the concept of Φ-value analysis to RNA folding. This concept, developed for protein folding (Fersht et al. 1992) , uses sitedirected mutagenesis (or modification) in combination with measurements of the folding to determine at which point on the reaction pathway interactions with the modified group are made. In the course of this work, the docking step of the P1 helix to the core of the ribozyme was investigated. The absence of effects on the docking constant, both from atomic modifications and global perturbations, strongly suggested that the transition state for docking occurs early and does not closely resemble the docked state (Bartley et al. 2003) . The P4-P6 domain is a Tetrahymena ribozyme fragment of about 160 nucleotides, which has gained importance as one of the first complex RNA structures (apart from tRNA) to be solved by X-ray crystallography (Cate et al. 1996) . Despite not being catalytically active, it has since served as a model system in its own right. Lee et al. (2007c) have used this system to establish a new, timeapertured photon correlation method for resolving the transition time between two states of RNA folding. Application to the P4-P6 domain yielded a folding transition time of 240µs. Cooperativity of tertiary contact formation in the folding of the P4-P6 domain has been investigated by Sattin et al. (2008) .
A related RNA, the bl5 group I intron (Fig. 2) has been investigated in conjunction with a cognate auxiliary protein CBP2 (Bokinsky et al. 2006) . Two binding states of the protein were observed, a non-specific state and one in which the protein specifically recognizes features of the native RNA fold. Interestingly, both binding states appear to contribute to the overall chaperoning effect, with which the protein paves a way through the rugged free energy landscape to accelerate RNA folding into the native state.
RNase P
RNase P is a ribonucleoprotein (RNP) containing a single protein subunit in bacteria and several more in eukaryotes, in addition to a single RNA subunit. The main task of the holoenzyme in vivo is the hydrolytic processing of polycistronic transcripts, thereby releasing 5'-phosphatecontaining tRNAs or tRNA precursors. The discovery of an intrinsic activity of bacterial RNase P RNA subunit (Guerrier-Takada et al. 1983 ) has resulted in the Nobel prize being awarded to Sid Altman (Altman 2007) and made this particular RNA the subject of intense research efforts. Recently, an RNA of 255 nucleotides corresponding to the catalytic core of RNase P has been investigated, with special attention devoted to early intermediates in the folding pathway Smith et al. 2008; Xie et al. 2004) . Here, either fluorescein-Cy3 or Cy3-Cy5 dye pairs were incorporated together with biotin by end labeling and by hybridization of labeled DNA to the extended RNA molecule (Fig. 2) . As many as seven folding states were discovered based on distinguishable E FRET levels, connectivity of states, and conversion rates. Among these conformations, some are infrequently populated and have previously escaped detection in equilibrium measurements, as they primarily sample states near the minimum of the free energy landscape. By observation of nonequilibrium relaxation events, Qu et al. (2008) were able to analyze individual molecules in hitherto inaccessible regions of the free energy landscape.
VS ribozyme
The Varkud satellite (VS) RNA is an abundant transcript from DNA found in mitochondria of a number of natural isolates of Neurospora. The VS transcript contains thẽ 170-nt VS ribozyme that undergoes self cleavage as a result of its nucleolytic activity.
Using single-molecule FRET, Pereira et al. (2008) have addressed alternative global folds, their rates of interconversion, and how they relate to the cleavage activity. Cy3, Cy5, and biotin were attached to the 5'-end and the ends of the loop in the interior of RNA strand that is removed during self-cleavage (Fig. 2) . FRET traces were recorded on a TIRF microscope with prism-type excitation. Three E FRET states were identified and the analysis of the dynamics showed that two transitions largely dominated the ensemble, in addition to some dynamic heterogeneity which is commonly noticed in single molecule studies on various other RNAs. It was suggested that a slow local conformational change, invisible to the smFRET experiment, must take place prior to ribozyme self-cleavage (Pereira et al. 2008) .
Structural dynamics and small molecule binding in aptamers, allosteric ribozymes, riboswitches and artificial ribozymes
Aptamers are small synthetic RNAs capable of binding specific ligands, which may be large biomolecules, e.g., proteins, but also small molecules such as lysine, arginine, thiamine, and biologically active purines such as cyclic di-GMP, GTP, adenosine, and theophylline (Montange and Batey 2008; Sudarsan et al. 2008) . Their small molecule binding properties largely distinguish them from antibodies, with which they are often compared. Like antibodies, most aptamers have been obtained by a selection process. This selection is typically conducted in vitro through a process called SELEX (systematic evolution of ligands by exponential enrichment) (Famulok and Mayer 1999; Wilson and Szostak 1999) , which has also yielded numerous artificial ribozymes including the DielsAlderase discussed below. In a recent publication (Elenko et al. 2009 ), the binding of a small molecule ligand, namely TMR-labeled GTP, to an in vitro selected aptamer was observed in a TIRF setting. This particular aptamer is known for its unusually strong binding: a K D of~0.3-0.5 nM for the labeled GTP ligand was measured both in bulk studies and from on and off times measured by smFRET. The aptamer displayed great uniformity in its small molecule binding kinetics, which is in notable contrast to the heterogeneity typically observed in the folding kinetics of many natural ribozymes. By combination of both RNA types, engineered ''aptazymes'' are produced. To this end, in vitro selected aptamers are fused with ribozymes to create allosteric biocatalysts, which can be employed as biosensing components and artificial gene regulatory switches through ligand-induced conformational rearrangement and activation. These molecules are promising systems for application in smFRET experiments. A case in point is an aptazyme built from a theophylline aptamer with micromolar ligand affinity and the hammerhead ribozyme (Fig. 2) (Breaker 2002; de Silva and Walter 2009; Soukup and Breaker 1999; Soukup et al. 2000) . Several FRET states with anti-correlated donor-and acceptor-fluorescence were observed in a dynamic equilibrium, in which the catalytically active state was frequently accessed in the theophylline-bound and, less frequently, in the ligand-free state. The latter finding is in agreement with the observed residual hammerhead ribozyme activity in the absence of theophylline (de Silva and Walter 2009). Such leakage, or in other terms, suboptimal allosteric transmission of structural rearrangements from the aptamer to the catalytic site, is still the major problem in aptazyme design and application. Ironically, the fact that nature has optimized solutions to this problem in the form of so-called riboswitches has escaped detection until recently (Blount and Breaker 2006; Grundy and Henkin 2006; Montange and Batey 2008) . Thus, the principles of aptamers as well as of aptazymes have historically been detected and investigated on synthetic sequences, and only later it was discovered that certain organisms exploit the same principles for the regulation of gene expression. Such riboswitches are generally composed of two modular domains: the aptamer domain and the expression platform. In analogy to artificial aptazymes, the latter may be a ribozyme, as is the case of the GlmS riboswitch (Klein et al. 2007; Klein and Ferre-D'Amare 2006) . Alternatively, the expression platform may contain Shine Dalgarno sequences or transcription terminator structures, which may be masked or accessible, depending on the binding state of the regulatory small molecule (Montange and Batey 2008) . One particular natural riboswitch, which senses adenine in vivo and in vitro, is a rare type of an ''on'' switch, which disfavors the formation of a transcription terminator hairpin structure upon ligand binding, and thus activates gene expression (Johansen et al. 2003; Nygaard and Saxild 2005) . Investigations on internally Cy3/Cy5 labeled riboswitch RNA (Fig. 2) by smFRET (Lemay et al. 2006) showed that folding and unfolding rates exhibited great heterogeneity, which was partially remedied by addition of the adenine ligand. Such restriction of folding pathways by binding of small molecules is most interesting because it is thought that co-transcriptional ligand binding and RNA folding plays a decisive role in this system as well as in other natural riboswitches. Interestingly, the investigations also uncovered the existence of an intermediate state in the folding process of a pivotal loop-loop interaction structure. Formation of the intermediate state was promoted by adenine, suggesting that the ligand actively participates in loop-loop interaction, and thus in the overall folding process of the riboswitch aptamer domain (Lemay et al. 2006) . Notably, much additional insight into the mechanics of the adenine riboswitch has recently been obtained by single molecule force spectroscopy (Greenleaf et al. 2008 ).
Diels-Alderase ribozyme
The Diels-Alderase ribozyme is among the smallest RNAs whose intramolecular folding has been investigated by smFRET. This unusual catalytically active RNA is among the few to act in trans, thus not only being a self-modifying RNA, but one that can also perform multiple turnovers. As its ultimate outstanding feature, it is, as yet, the only known ribozyme to process two small organic molecules: anthracene and maleimide, neither of which contain any RNArelated structures (Seelig and Jaschke 1999; Seelig et al. 2000) . These molecules undergo a Diels-Alder cycloaddition, which is strongly accelerated by this non-natural ribozyme. Introduction of the Cy3/Cy5 pair at various internal positions of the 49mer RNA led to one particular combination of attachment points (Fig. 2) that allowed the direct observation of three distinguishable folding intermediates; indications for the presence of additional states were also noticed. A large heterogeneity of folding rates was revealed despite the small size of the RNA ). However, the magnesium dependence of the average rate coefficients followed a 'chevron' shape, as was also observed for large ribozymes (Fang et al. 1999 ).
RNA-protein complexes
Ribosomal protein synthesis
Peptide synthesis, i.e., the formation of an amide bond from an amine and an activated carboxylic acid, is the only known example of a reaction outside phosphodiester chemistry that is catalyzed by a natural RNA. In a process called translation, the ribosome utilizes aminoacylated tRNAs as adaptor molecules that decode the genetic code, contained in a nucleotide sequence on the mRNA, to translate it chemically into a polypeptide sequence. The ribosome is an immensely complex structure, containing dozens of proteins in addition to 3 or 4 rRNA units, but it has become clear that its active site contains no protein: the ribosome is a ribozyme (Cech 2000) . Primed especially by the recently solved ribosome structures (Ramakrishnan 2002) , research on ribosomal protein biosynthesis has greatly benefited from advances in single molecule techniques (Blanchard 2009; Marshall et al. 2008a; Munro et al. 2008) . Out of the plethora of known and postulated states of bacterial peptide synthesis, some central aspects are depicted in Fig. 3 , starting with the docking of the ternary complex of aminoacylated tRNA, GTP, and EF-Tu, followed by tRNA selection, accommodation, and peptide transfer to reach the so-called pre-translocation state, which, after EF-G binding, translocation, and GTP cleavage and EF-G ejection, reenters the cycle.
Single-molecule studies on the ribosome have recently been expertly reviewed (Marshall et al. 2008a; Blanchard 2009; Munro et al. 2008) . As with tRNA, initial singlemolecule fluorescence studies relied on a single TMR dye to yield information through decay times (Sytnik et al. 1999 ). An important prerequisite in the field was the development of immobilization methods for ribosomes that retained their activity in accommodation, translocation, and peptide-bond formation (Blanchard et al. 2004a, b) . By application of smFRET, accommodation of the tRNAelongation factor Tu-GTP ternary complex, and a subsequent multi-step movement of the tRNA on the ribosome, were observed in real time. By application of various antibiotics and non-hydrolyzable GTP analogs, various intermediates were observed, starting from an initial selection step, and including kinetic proofreading steps following GTP hydrolysis. Such studies also elucidated kinetic details of the action of antibiotics including tetracyclines, pyromycin, and thiostrepton (Gonzalez et al. 2007) . The classic mechanistic description of ribosome function involves tRNA binding with both the 3'-end and the anticodon to the corresponding parts of the A-and the P-sites on each ribosomal subunit, respectively (Marshall et al. 2008a) . smFRET investigations have also observed the so-called hybrid conformation, in which the tRNA is anchored to the small subunit P-site with its anticodon, while the deacylated 3'-end is already in the E-site of the large subunit (Lee et al. 2007b; Munro et al. 2007) .
The unique capability of single molecule methods to detect and characterize subpopulations in structurally heterogeneous samples had led to the discovery of numerous unexpected aspects of ribosomes in early cryoelectron microscopy studies. Although cryo-electron microscopy cannot directly reveal movements by itself, certain of the characterized ribosome subpopulations showed features pointing to dynamic aspects of protein biosynthesis (Frank 1997; Frank et al. 2007; Julian et al. 2008) . The observation of a relative torsion between the ribosomal subunits led to the postulate of a ratchet mechanism (Frank and Agrawal 2000) , whose rotational movement might have a coordinating function for the various different dynamic aspects of ribosomal peptide synthesis. The ratchet motion has recently been investigated by three different teams (Cornish et al. 2008; Fei et al. 2008; Marshall et al. 2008b) , who employed smFRET to look at a possible synchronization of the ratchet movement with a conformational equilibrium of classical and hybrid tRNA states on the ribosome (Lee et al. 2007b; Munro et al. 2007) , as illustrated in the box in Fig. 3 .
Because protein synthesis is driven by the conversion of chemical energy, e.g., during hydrolysis of the energy-rich aminoacyl-tRNA bond or during GTPase activity of EF-Tu and EF-G, these events have obviously received special attention in single-molecule investigations of ribosome dynamics. All three of the above groups reported a direct Fig. 3 Overview of the cycle of ribosomal protein biosynthesis and smFRET investigation of ribosomal dynamics during translation. Sites of labeling with donor (green) and acceptor (red) dyes are indicated as dots of the respective color. Yellow stars symbolize conversion of chemical energy contained in GTP or aminoacyl-tRNA. The investigated dynamic equilibrium of classical and hybrid states of tRNA on the ribosome is boxed. A top view of the ribosome in the center shows the positioning of dyes on the large (dark grey) and small (light grey) ribosomal subunits. Green-red arrows indicate the distances monitored by smFRET. The grey arrow points to the position of the Cy3 label on L33, which is obscured by the small subunit observation of the ratchet movement, but do so at different sites of the ribosome. As shown in Fig. 3 , the teams of Noller and Ha attached Cy3 and Cy5 dyes to proteins S6 and L9 near the L1-stalk on the large ribosomal subunit (Cornish et al. 2008) . A spontaneous, reversible relative motion of both dyes was observed, which, after extensive characterization, allowed a correlation with the tRNA equilibrium between classical and hybrid states (Fig. 3) . The observed dynamics was characterized as thermally driven, thus not directly dependent on GTP hydrolysis or peptidyl transfer. A similar correlation of the dynamics between the L1-stalk itself and a tRNA oscillating between the classical and hybrid states was reported by the group of Gonzalez, Jr., who placed Cy3 and Cy5 dyes directly on the L1-stalk and tRNA (Fig. 3) (Fei et al. 2008) . Finally, the teams of Puglisi and Chu positioned their Cy3 and Cy5 FRET dyes at a large distance to mRNA, tRNA and the peptidyl transfer active site (Fig. 3) (Marshall et al. 2008b ). These sites were considered as more rigid and thus more representative for global movements of the ribosomal subunits as opposed to local flexibility near the L1-stalk. In contrast to the previous findings, these researchers did not report a thermally driven equilibrium of the ratchet movement at this part of the ribosome. Instead, association of small and large subunits was observed in real time, followed by a relative distortion of the subunits, which could be correlated with the arrival of aminoacylated tRNA on the ribosome in a three-color experiment also involving the Cy2 dye. The inhibition of the first part of the ratchet movement by chloramphenicol, but not by puromycin, suggested that this movement is associated with formation of the new peptide bond. The reverse ratchet movement proved to be dependent on GTP hydrolysis by EF-G. Subject to differences in the experimental setups, including ionic strengths, syntheses of dye-labeled ribosomes, or different methods for the assembly of translationally active complexes on the ribosome, the apparently contradictory data may be consolidated in a model, in which both parts of the global ratchet movement coincide with biochemical events in protein biosynthesis and are possibly driven by the corresponding conversion of chemical energy. This model would comprise the commonly known flexible L1-stalk region, where thermally driven local equillibria of local structure would be associated with the different tRNA states on the ribosome. Indeed, the movement of the L1 stalk relative to the body of the large subunit has recently been observed by labeling the L33 protein in addition to the L1 stalk. These studies have revealed at least three distinct states, whose population is indeed linked to the pre-versus post-translocation states of tRNAs on the ribosomes (Cornish et al. 2009 ). Since not all data seem to fit with the above model, it appears that the debate remains open. Recently, fascinating new insights into the mechanisms of protein biosynthesis have also come from force spectroscopy of individual active ribosomes (Uemura et al. 2007; Wen et al. 2008 ).
Replication
Telomerase
Telomerase is an RNP containing an RNA and a telomerase reverse transcriptase (TERT) protein subunit. The polymerase activity restores chromosome ends by adding telomeric DNA to the termini of linear chromosomes. As a reverse transcriptase, it uses parts of the RNA subunit as a template for DNA synthesis. The real-time assembly of individual telomerase RNP complexes, which in Tetrahymena thermophila is assisted by the p65 protein, was investigated in vitro by smFRET using RNA labeled at various positions with the Cy3/Cy5 FRET pair (Fig. 2) (Stone et al. 2007) . A sequential addition of p65 first and then the TERT protein was evidenced, accompanied by substantial reorientation of the RNA domains. This process corresponds to a hierarchical assembly mechanism for telomerase RNP, in which the protein subunits mould a specific RNA tertiary structure in a stepwise fashion.
HIV Reverse Transcription
A particular highlight of recent smFRET science is the investigation of differential activities on HIV reverse transcriptase (RT) Liu et al. 2008) . This enzyme, which is central to the highly complex conversion of viral RNA to double-stranded DNA, possesses two catalytic centers, combining polymerase activity with RNase H activity. It synthesizes a DNA strand using RNA or cDNA as a template and, in parallel, the RNase H function leads to degradation of the very RNA that has just been used as a template and is, therefore, still hybridized to the newly synthesized DNA. Among the many poorly understood characteristics of HIV replication, polypurine tracks (PPT) feature prominently ). These purine-rich stretches of nucleotides escape degradation by RNase H, and may thus serve as primers for second strand DNA synthesis. To investigate the dynamic behavior of HIV-RT in different complexes with nucleic acids by smFRET, Cy3 labels were attached to either the polymerase or the RNase H domain of the HIV-RT protein, and the corresponding acceptor dye Cy5 was placed near the 3'-or the 5'-end of the template strand, respectively (Fig. 4) . Two binding modes, one for degradation and one for polymerization, could be identified in this way . Remarkably, real time interconversion between the two modes was observed, which occurred without intermittent dissociation from the template (Fig. 4) . Of particular interest was that the degradation mode was predominant with normal RNA primers on a DNA template. By contrast, the polymerization mode was favored with DNA or PPT as primers, which was even more preferred in the presence of dNTPs . In further studies, the sliding motion of the RT protein along a RNA-DNA hybrid could be observed. On the RNA-3'-end, the protein was in the degradation mode, but switched to the polymerization mode upon reaching the 3'-end of the DNA primer (Liu et al. 2008) . This sliding motion is in agreement with the observation of RNase H activity at several different locations on the RNA-DNA hybrid, and repeated sliding away from the polymerization site at the DNA 3'-end might explain the known low processivity of HIV-RT . The presence of Nevapirin, a non-nucleoside RTinhibitor, was observed to accelerate the interconversion between the two binding modes, yielding perspectives for the elucidation of the hithero ill-understood mechanism of Nevapirin Liu et al. 2008) .
Another step in the reverse transcription of the HIV-1 genome, the so-called minus-strand transfer was also investigated by smFRET ). In minusstrand transfer, the transactivation response region (TAR) RNA of the genome is annealed to the complementary "TAR DNA" generated during minus-strand strong-stop DNA synthesis. The smFRET investigations focused on the annealing of TAR DNA to an in vitro model consisting of cTAR DNA/TAR RNA. The results demonstrate that the HIV-1 nucleocapsid protein induces reversible annealing at various stages along the reaction path of the annealing reaction. Certain steps of the annealing sequence appear to be inhibited by argininamide ).
Outlook
In recent years, smFRET measurements have yielded unprecedented insights into the conformational dynamics in the folding and function of RNA molecules. Based on the different FRET efficiency levels and their temporal behavior Xie et al. 2004) , multiple discrete conformations have been identified, structurally assigned and interpreted in functional terms. Even for rather small RNA molecules, a multitude of intermediate states has been observed in single molecule folding studies. Such investigations provide direct experimental access to the highly structured, hierarchical energy landscape governing conformational states and their interconversion dynamics.
Despite the impressive successes of smFRET-based experiments, there is still ample opportunity for further optimization. A sophisticated statistical analysis of the time traces of detected photon events will allow one to extract the relevant information more efficiently and to make proper assignments of conformational states (Gopich and Szabo 2009; Kalinin et al. 2007; McKinney et al. 2006; Noe and Fischer 2008) . Conventional analysis distinguishes different conformations only on the basis of spectroscopic observables. Novel time-trace analysis tools based on Hidden Markov Models (Horenko et al. 2007 ) detect relevant conformations of the molecular complexes by observing the temporal sequence of the measured signal, even if the spectroscopic observables themselves overlap. While this technique has already been tested successfully in one-dimensional FRET measurements ), a multi-dimensional extension promises to yield an extremely detailed conformational analysis.
Another area in which further progress will be highly appreciated is the labeling of the RNA molecules with a FRET pair of dyes. Typically, dyes are attached with fairly long, flexible linkers, which introduce considerable spatial uncertainties. However, many biological processes involve minor rearrangements of the RNA molecules that may be hidden in FRET measurements due to the flexible dye linker. To visualize small-scale structural movements, changes in transition dipole orientation rather than inter- Fig. 4 Two orientations of HIV reverse transcriptase on a hybrid duplex comprised of a DNA template and an RNA primer. The upper panel shows the enzyme in its polymerization mode, characterized by the spatial proximity of the respective catalytic center to the 3'-end of the primer. The direction of polymerization is indicated by a yellow arrow. This conformation exists in a dynamic equilibrium with the opposite orientation, where the catalytic center of the RNase H activity is in spatial proximity to the RNA. The equilibrium is shifted to polymerization activity in the presence of NTPs. Sites of labeling with donor (green) and acceptor (red) dyes are indicated as dots of the respective color. Green-red arrows indicate the distances monitored by smFRET dye distance could be exploited by novel derivatization schemes involving direct dye attachment to the nucleotide bases (Ehrenschwender et al. 2008 ). Indeed, a noticeable dependence of the FRET efficiency was observed (Iqbal et al. 2008a ) as a function of the relative orientation of Cy3 and Cy5 dyes stacked on the opposite ends of DNA duplex. Biophysical studies of RNA structure, dynamics and function on the single molecule level are still at the beginning, and exciting research problems in this field will likely keep us occupied for years to come.
